ABSTRACT Intelligent manufacturing is one of the indispensable parts in Industry 4.0, where the smart machines can perceive and operate automatically in production process to provide higher and more convenient efficiency. Nevertheless, some potential failures influencing the manufacturing may exist. It is necessary to identify the potential failures and evaluate their risk. Meanwhile, resources and environment protections have been the consensus around the world. For enterprises, they must take measures to reduce the negative environmental impacts during the industrial production to maintain their sustainable development. Failure mode and effects analysis (FMEA) can effectively recognize failures and evaluate their risk in a production process or a system. However, environmental aspects of the identified failure modes are often ignored in the FMEA. Besides, conventional FMEA usually uses the risk priority number to obtain the failures' risk, which has a lot of shortcomings in the industrial application, such as the equal weights for different risk factors, crisp numbers used in the evaluation without considering vagueness, and so on. Based on the above two main problems, this paper develops an extended FMEA which introduces environmental impacts as one of the risk factors and utilizes Technique for order preference by similarity to an ideal solution (TOPSIS) method based on rough sets to cope with vague information. Finally, the developed FMEA is applied to evaluate the potential failure risk of an optical cable automatic arranging robot to verify its feasibility and effectiveness.
I. INTRODUCTION
Intelligent manufacturing is an integrated system including intelligent machines and humans. It can carry out smart activities, such as analysis, reasoning, judgment, conception and decision making, in the manufacturing process. In this respect, flexible, intelligent, and highly integrated manufacturing processes can be achieved [1] . However, potential failures may also be happened in the process of intelligent manufacturing, which have a unfavorable impact on the production efficiency. Failure mode and effects analysis (FMEA) is a powerful tool that is usually applied to find and solve the possible errors, problems, and faults, in manufacturing [2] . Its objective is to control critical defects happening in the The associate editor coordinating the review of this manuscript and approving it for publication was Yu-Huei Cheng. production process. Due to its effectiveness to solve potential problems, FMEA has been widely used in many industries, such as aircraft manufacturing, aerospace system, and automotive production [3] , which helps engineers to clearly understand the potential risk and the causes influencing their manufacturing reliability. Usually, failures' risk is determined through measurement of the risk priority number (RPN), which is the product of the three risk factors, i.e., severity (S), occurrence (O), and detection (D) [4] . If the RPN of a failure mode is relatively large, its risk degree is correspondingly large [35] . Based on the RPN, the potential failure modes can be ranked and engineers can allocate the limited resources to improve the failure modes according to their current conditions.
Although the RPN value is convenient for managers to operate and to enhance the efficiency of a system and a production process, it has some deficiencies in the industrial application. For example, the RPN does not consider the relatively weights of different risk factors, which is incorrect in practice. Because the relative importance of risk factors in different systems is usually different [6] . In RPN method, the evaluation scores are crisp which contain subjective and ambiguous information [7] . Although fuzzy set theory is often used to deal with vague information, it needs prior assumptions, which leading to relatively fixed vague intervals [8] . In addition, environmental influences produced by technical failures, errors, and deficiencies are often ignored in the traditional RPN [5] . This would result in an unreasonable failure mode sequence, ultimately affect the efficiency and timeliness of troubleshooting, and waste a lot of resources. Because a number of industrial production can destroy the natural environment and threaten the survival of human beings [38] . Thus, various social circles have paid a lot of attentions to the adverse effects of industrial production on the natural environment. For example, the Chinese government has proposed a series of sustainable development strategies to protect the environment, such as incorporating funds needed for pollution prevention into fixed asset investment plans, tax incentives for those enterprises using waste as raw materials for production [39] . In this context, enterprises should take environmental measures to protect the environment and save resources. It can improve the benefits of enterprises if the effects of failures on production process and environment are both considered in the FMEA method.
Based on the above analysis, the purpose of this study is to utilize a more reasonable FMEA to deal with experts' vagueness, meanwhile, to consider the environmental load of failures. The main features of this study are listed as follows: (1) subjective and imprecise judgments are handled with the help of rough set theory, which makes the results more objective and flexible; (2) different weights are assigned to risk factors, which consider their relative importance; (3) environmental impact (E) is included in the extended FMEA to investigate the failures' environmental risk. Finally, the proposed method is utilized in a real case to verify its effectiveness.
The reminder of this study is organized as follows: Section 2 reviews the previous literature concerning conventional FMEA and the improved FMEA; in Section 3, the improved FMEA is introduced which including two phases; then, the proposed model is applied to a case study in Section 4 to demonstrate its feasibility. In the end, conclusions are summarized and future research is remarked in Section 5.
II. LITERATURE REVIEW
In this section, the literature concerning FMEA is reviewed from two aspects. One is the literature review about the conventional FMEA, which mainly discusses its deficiencies. The other one is the related researches that developing models to improve the traditional FMEA.
A. DEFECTS OF CONVENTIONAL FMEA
In the practical application, the conventional FMEA has been criticized by engineers and academics. It has a number of drawbacks [9] , which are listed as follows:
(1) Equal weights are provided for risk factors in the RPN calculation [10] . Although certain weights are provided for risk factors in some researches, subjective and vague features are often neglected during the weights determination [11] . Because crisp values are used in the judgment process of FMEA. In this respect, risk factors' importance is not totally reflected and vagueness is not considered in the traditional FMEA, which may influence the final risk ranking of FMEA [12] .
(2) FMEA team members usually make subjective judgments for the failures' risk. Each engineer evaluates the failure mode according to his or her own view, and there is no uniform standard [13] . For example, one expert may consider that the score for detection D is 4, but another may deem the score to be 5 or 6. However, there is no uniform standard in conventional FMEA to solve the subjectivity in evaluation scores. In other words, conventional FMEA has no effective mechanism to cope with the various evaluation scores of the same risk factor.
(3) In conventional FMEA, risk factors are measured by integer numbers from 1 to 10, and their RPNs are from 1 to 1000. It is possible to obtain discontinuous RPNs, which cannot explain the differences between RPNs [14] . Finally, the sequence of failure modes may be invalid.
(4) In conventional FMEA, RPN is obtained by multiplying the S, O, and D. But the principle of this method is not explained and the calculation of RPN has been questioned and controversial for many years. This is because that the same RPN can be computed by different risk factors of different failure modes, which may lead to disorder of failure mode sequence [15] . For example, there are two different failure modes, their performances under S, O, and D, are 3, 3, 4 and 2, 3, 6, respectively. Obviously, they have the equal RPN of 36. According to the conventional FMEA, the two failures have the same risk which managers should pay equal attention to them. However, it cannot explore their potential risks and may develop high-risk faults. Therefore, it is necessary to improve the mechanism and calculation method of failure mode ranking to make its results more reasonable and effective.
(5) The conventional FMEA includes risk factors S, O, and D, and does not consider the adverse effects on environment. With the continuous development of productivity, large amounts of industrial wastes have caused serious pollution to the natural environment. Therefore, in the early stage of production and design, we should take into account the environmental hazards caused by possible failure modes. Thus, a reasonable failure mode sequence considering environment can be obtained to improve the efficiency and timeliness of troubleshooting and to save resources. VOLUME 7, 2019 B. LASTEST FMEA RESEARCH
In this subsection, we mainly review the improved FMEA in the previous researches. Fuzzy set theory is often introduced to improve the evaluation efficiency of the conventional FMEA. For example, Dağsuyu et al. [16] developed a 5 × 5 matrix based on conventional FMEA, where two different methods of fuzzy FMEA have been used to judge the potential failure of products. Considering the defects of conventional FMEA in the application process, Li and Chen [17] combined the fuzzy belief structure and grey relational analysis to deal with vague problems and multi-objective decision-making, and verified the proposed method through an empirical example. To eliminate the effect of experts' subjective evaluation in determining risk factors, Mangeli et al. [18] adopted the fuzzy inference system in the evaluation process, and combined it with the support vector machine to solve the adverse effects of subjectivity. Fattahi and Khalilzadeh [19] obtained the risk factors' weights by extending the fuzzy analytic hierarchy process and the failure modes' risk priority by fuzzy-based decision making method. Arabsheybani et al. [20] established a novel fuzzy FMEA based on the financial statements. The validity of this method was proved by evaluating the performance of suppliers. Considering the uncertainties of the evaluation process, Ahn et al. [21] applied a fuzzy model for a new system and obtained an intuitive risk picture. Rafie and Namin [22] proposed a hybrid method of fuzzy inference system and FMEA. This approach introduced the fuzzy theory and the FMEA to determine the early risk of a project. An empirical example showed that the hybrid method could deal with the fuzziness of the evaluation process. Mandal and Maiti [23] also established a fuzzy-based approach, which was based on the possibility theory and similarity value measure of fuzzy numbers. This method solved the defect that fuzzy rule-based FMEA and crisp FMEA may produce arbitrary failure mode ranks when their membership functions overlap. The proposed similarity value measure could group together failure modes that have similar risk rankings. Renjith et al. [24] developed a novel mathematical system to obtain fuzzy RPN instead of simple multiplication RPN in conventional FMEA. This method could solve the problem that conventional FMEA may produce the same RPN in a large-scale system. Considering multi-criteria decisionmaking (MCDM), Tian et al. [25] combined fuzzy entropy weights and fuzzy proximity to determine experts group members' weights under different risk factors. Liu et al. [26] applied fuzzy linear programming to produce the risk factors' weights when the known information of risk factors was insufficient. By applying the interval-valued intuitionistic fuzzy sets to manipulate fuzziness, the effectiveness of the FMEA results was improved. Tooranloo and Ayatollah [27] proposed an intuitionistic fuzzy FMEA to deal with the prior information and vagueness in the FMEA. Wang et al. [28] developed an integrated FMEA that contained the intervalvalued intuitionistic fuzzy sets and the compound proportional evaluation.
Although fuzzy set theory can manipulate vague information, it needs prior assumptions, such as membership functions. In this respect, the vague intervals produced by fuzzy set theory are usually fixed, which is also subjective. Thus, some scholars introduce rough set theory, another vagueness manipulation method, into FMEA. For instance, to handle the subjectivity inherent in FMEA decision making, Song et al. [11] applied rough set theory. Wang et al. [29] used the house of reliability-based rough set theory to improve FMEA evaluation process. Li et al. [30] developed a modified rough based FMEA to deal with various uncertain information. They all demonstrate that the application of rough set theory is more convenient and flexible. Because it does not set any other assumptions, the intervals determined by it are not fixed.
In addition to fuzzy sets and rough sets, other theories and methods are also applied to FMEA. Kutlu and Ekmekçioğlu [31] applied linguistic variables and an analytical hierarchy process to assess risk factors, and obtained evaluation results through TOPSIS. Chang [32] introduced grey theory to cope with uncertain evaluation information and improve the effectiveness of failure mode ranking. Peeters et al. [33] proposed a novel approach that can use fault tree analysis and FMEA alternately to obtain crucial problems that reduce work efficiency. Tang et al. [36] used the ambiguity measure to calculate risk factors' the exponential weights in a new weighted RPN. Li et al. [37] integrated probabilistic linguistic term sets (PLTSs) and fuzzy Petri nets (FPNs) to improve the traditional FMEA.
Through reviewing the literature, it is clear that conventional FMEA has been greatly improved. By manipulating vagueness and assigning different weights to different risk factors, the final risk priority becomes more effective. However, the failures' environmental influences are seldom mentioned in the previous FMEA studies. Most of them use the risk factors, S, O, and D, to measure the risk of potential failures, such as the researches of [9] - [12] . Considering the environmental requirements from the governments, society, and firms, it is necessary to incorporate the environmental factor E into the risk factors to obtain more sustainable results.
C. FMEA APPLICATION IN MANUFACTURING
Due to the effectiveness of the FMEA in identifying and preventing failures in advance, it has been applied by a number of scholars to manufacturing industry. For example, Ekmekçioğlu and Can Kutlu [40] introduced fuzzy TOPSIS and fuzzy AHP into process FMEA and applied the proposed method to a spindle manufacturing process. Ozilgen [41] used the traditional RPN method to assess the risk of confectionary manufacturing. Prasad [42] utilized FMEA method to IC assembly and to improve the manufacturability and manufacturing reliability of packages. Parsana and Patel [43] identified and eliminated current and potential failures from a manufacturing process of cylinder head by using FMEA method. Silvestri et al. [44] proposed a new approach to improve safety in manufacturing systems through combing the FMEA with economic considerations, which was based on the RPN and ANP. Song et al. [45] developed a fuzzy TOPSIS to improve the traditional FMEA and applied it to nuclear reheat valve system. Obviously, traditional FMEA and fuzzy FMEA are frequently adopted methods in manufacturing. However, similar to the analysis for the previous literature in the above parts, it can be seen that none of the related researches introduce rough set theory to manipulate vague information and environmental impacts are also not considered in the failures' identification of manufacturing process. Hence, it is necessary to use rough sets and to combine environmental influences, in order to improve the risk analysis of manufacturing.
III. AN IMPROVED FMEA METHOD
Considering the problems of conventional FMEA in practical application and the failures' environmental impacts, this study develops an improved FMEA where the influence of E is added. The extended FMEA includes two parts: calculating the weights of S, O, D, and E, and evaluating the failures' risk based on the rough TOPSIS. The method's calculation steps are described in Figure 1 . 
A. CALCULATE ROUGH WEIGHTS OF S, O, D, AND E
In this section, the risk factors' relative importance is evaluated through experts' direct assessments. Considering the imprecision inherent in evaluation process, the risk factors' rough weights representing the vagueness are calculated based on the manipulating mechanism of rough set theory extended by Zhai et al. [34] .
1) OBTAIN THE ORIGINAL ASSESSMENTS FOR S, O, D, AND E
The risk factors are evaluated by a group of experts based on the numerical scales from 1 to 10, where 1 means that it is almost unimportant, and 10 means it is absolutely important. With the increase of the scales, the criterion gets more and more important. The original assessments for risk factors are listed as follows:
where RW r (r = S, O, D, E) represents the judgment set of the importance of the criterion r. RW n r represents the nth expert evaluation of the risk factor r. N represents the total number of the team members.
2) TRANSFORM THE ASSESSMENTS INTO THE FORM OF INTERVALS
With the help of rough set theory, the original assessment RW n r is converted into rough interval form according to the following equations:
where Apr(RW n r ) and Apr(RW n r ) are the approximations of RW n r . Then, its lower limit and upper limit are obtained by 
where RW nL r and RW nU r are the limits of RI (RW n r ). P L and P U are the numbers of elements in Apr(RW n r ) and Apr(RW n r ), respectively. After obtaining each expert's rough evaluation, the risk factor's average weight RI (RW r ) is calculated in the form of interval, which represents the group rough weight.
where r = S, O, D, and E. RW L r and RW U r are the limits of group rough interval.
B. RANK THE FAILURES' RISK WITH THE EXTENDED ROUGH TOPSIS APPROACH 1) ESTABLISH THE CRISP EVALUATION MATRIX
After the weights of risk factors are computed, the evaluation matrix should be established, which is used to describe the performances of the failure modes. Experts also use numerical scales from 1 to 10 to evaluate each failure's performance under S, O, D, E. With the increase of scales, the failure's VOLUME 7, 2019 effect gets worse. The matrix B provided by one of the experts is presented as follows:
. . . 
where F i (i = 1, 2 . . . , I ) represents the failure mode i. RF r (r = S, O, D, and E) represents risk factor r. n represents the nth expert (n = 1, 2, . . . , N ). y n ir is the original judgment for the ith failure mode under the rth risk factor, which is provided by the nth expert.
2) OBTAIN THE VAGUE INTERVALS WITH ROUGH SET THEORY
In this step, rough set theory is also applied to manipulate the imprecision in the decision process. Then, y n ir is converted into rough number RI (y n ir ) following the equations (1)- (6).
where y nL ir and y nU ir are the limits of rough number RI (y n ir ). Then, all the experts' rough evaluations for the y ir are expressed as follows:
Thus, the average rough interval RI (y ir ) which represents the group rough performance is computed by
where y L ir and y U ir are the limits of rough number RI (y ir ). The rough decision matrix C is expressed by
3) OBTAIN THE WEIGHTED NORMALIZED MATRIX In this step, the rough matrix is normalized and weighted. First, the following normalization method makes the elements of the decision matrix C comparable: (20) where z L ir and z U ir are the limits of the weighted normalized rough evaluations.
4) IDENTIFY THE IDEAL SOLUTIONS
Based on the weighted normalized matrix, in this step, the ideal solutions are recognized by
where z + (r) and z − (r) represent the risk factor r's positive ideal solution and the negative ideal solution, respectively. H and R represent the indicators of benefit and cost, respectively.
5) CALCULATE THE DISTANCES
Then, we can calculate the distances between the failures and the ideal solutions. The n-dimensional Euclidean distance is applied to obtain the distances, which are shown in the following.
where D + i and D − i are the distances from failure mode i to the positive solution and negative solution, respectively.
6) DETERMINE THE FINAL RESULTS
Finally, closeness coefficient (CC i ) is computed to represent the risk of failure mode i. It is the foundation to obtain the rank of failures. It should be noted that the greater the coefficient, the smaller the failures' risk.
In general, the developed FMEA contains two main stages: the risk factors' weights determination and the risk priority of failures by the improved TOPSIS method. The importance of risk factors and the performances of failures are measured by the direct evaluations of experts, where imprecise information is considered and handled by the rough set theory. Based on the proposed approach, a more reasonable and sustainable risk ranking can be obtained. 
IV. CASE STUDY
The extended rough TOPSIS method is applied to recognize the failures and analyze their risk of an optical cable automatic arranging robot in an optical cable factory A. The optical cable automatic arranging robot (see Figure 2) is very important to improve the production performance of optical cable factory, which is the critical equipment for the last process of optical cable-sheath. The robot must be continuous, high speed, and stable under complex working conditions because its working can affect the production efficiency and the quality of optical cable products. Besides, its failures can also cause sewage leakage and increase raw materials' loss and power consumption, which have indirectly negative effect on environment. For example, sewage leakage can lead to groundwater pollution, soil pollution, and air pollution. Loss of raw materials and electricity would result in the waste of resources and energy. Thus, the potential failures must be identified in advance to avoid the losses of production and environment. Before identifying the failure modes, a group of experts including four professionals in the factory is formed. They all have above 5 years of working experiences and are familiar with the working process of the robot. Then, they gather together by the manager, discuss and identify the potential failures in the robot's working process, which are shown in Table 1 . They are increased wiring spacing (F1), irregular wiring (F2), crashed machine head (F3), machine head cannot turn back (F4), machine head cannot move upward (F5), machine head cannot move downward (F6), machine head cannot flip (F7), and machine head turns back early (F8). Table 1 also presents the identified failures' causes, effects including environmental impacts, and detection method. Based on the information, the risk of the identified failure modes is evaluated using the proposed method. The evaluation procedure is described as follows.
A. CALCULATE ROUGH INTERVAL WEIGHTS OF S, O, D, AND E 1) OBTAIN THE ORIGINAL ASSESSMENTS FOR S, O, D, AND E
First, the four experts evaluate the importance of the factors, S, O, D, and E, based on their experiences. Table 2 presents the crisp evaluations of all criteria.
2) TRANSFORM THE ASSESSMENTS INTO THE FORM OF INTERVALS
Based on the Eqs. (2)- (9), the crisp importance from experts can be transformed and be aggregated into the group importance of risk factors, which is presented in Table 3 . Also, the normalized form of rough weights is listed in Table 3 . 
B. RANK FAILURES' RISK WITH THE EXTENDED ROUGH TOPSIS APPROACH
In this part, the identified failures' risk is obtained through applying the rough TOPSIS method. The detailed results of each step are presented as follows.
1) ESTABLISH THE CRISP EVALUATION MATRIX
First, the four experts also evaluate the performances of the failures under each risk factor. Their evaluations are shown in Table 4 . 
2) OBTAIN THE VAGUE INTERVALS WITH ROUGH SET THEORY
According to the Eqs. (10)- (16), the group rough decision matrix shown in Table 5 is obtained.
3) OBTAIN THE WEIGHTED NORMALIZED MATRIX
To make the factors comparable, the group rough decision matrix is normalized and weighted based on the Eq. (17)- (20), which is presented in Table 6 . 
4) IDENTIFY THE IDEAL SOLUTIONS
Following the Eqs. (21) and (22), the positive and the negative ideal solutions (see Table 7 ) are recognized. 
5) CALCULATE THE DISTANCES
Then, following the Eqs. (23)- (24), the distances from the failures to ideal solutions are calculated, which are shown in Table 8 . 
6) DETERMINE THE FINAL RESULTS
Finally, the closeness coefficients of failure modes are obtained based on the Eq. (25) in Table 9 , which are the basis of risk ranking.
C. COMPARISONS AND DISCUSSIONS
In this section, the final results produced by the extended rough method are also compared with those by the conventional FMEA method and the fuzzy FMEA method. Table 9 presents the final results of the three methods. Obviously, there are similarities and differences among them. First of all, F4 and F1 rank the 1 st and the 2 nd , respectively, in all the methods. This demonstrates that the proposed FMEA method is effective. However, there are also differences between the ranks produced by the three methods.
First of all, the proposed method is compared with the conventional FMEA. Obviously, some failures' ranks produced by the methods are different. For instance, F2 ranks the 4 th and the 7 th in the conventional FMEA and the extended FMEA, respectively. The rank of F5 is 6 in the traditional method, however, it is 8 in the proposed method. Secondly, the proposed approach is also compared with the fuzzy FMEA. It can be seen that the ranking orders of both the two methods are identical. However, the closeness coefficients are different. We utilize deviations of the final results between each failure mode and the reference failure mode to describe the differences. According to the Figure 3 , we find that the position of the rough FMEA's line (i.e., the green line) is higher than that of the fuzzy FMEA's line (i.e., the orange line). It means that the proposed approach has higher discrimination for the failures, which can help managers choose the target failures faster. The reasons (see Table 10 ) for the divergences are discussed as follows:
(1) The same weight (see Table 9 ) is assigned to all risk factors in the conventional FMEA, which is not reasonable in the practice. Some risk factors are to be over overrated or underrated. However, the extended FMEA calculates the risk factors' weights through experts' judgments and also they are expressed in the form of intervals representing subjectivity. It can be seen that the weights are different in the extended FMEA. (3) The traditional method uses crisp numbers to obtain the failures' risk, which considers no imprecise information in the process of decision making. Although the fuzzy numbers are used in the fuzzy FMEA to deal with the imprecision, it needs prior information, which leads to relatively fixed intervals for different experts. By contrast, rough numbers are utilized in the extended FMEA, where no extra assumptions is required and their intervals are flexible. For instance, the initial evaluations for the performances of F2 under E provided by the four experts are 3, 2, 3, and 3. After being manipulated by the fuzzy set theory and rough set theory, respectively, these initial evaluations are converted into fuzzy intervals [2, 4] , [1, 3] , [2, 4] , and [2, 4] (4) In the proposed model, environmental factor (E) is considered, which can identify the failures' risk in damaging the environment and production simultaneously. While in the traditional method, the environmental influence of failures is not taken into account. Therefore, the rough FMEA is more comprehensive than the other method.
V. CONCLUSION
In this paper, a rough TOPSIS is introduced to improve the traditional FMEA, where the environmental factor is also taken into account in the model. The extended FMEA uses rough intervals to cope with subjective judgments in the evaluation process, and establishes the risk evaluation model using the TOPSIS method. More importantly, environmental influences are also considered in this proposed FMEA method to enhance the sustainable performance of systems. Then, through applying this approach to identify the failures of an optical cable automatic arranging robot, it is shown that this method can effectively improve the reliability of risk ranking and can analyze the failures' environmental impacts. The main contributions of the extended FMEA are presented as follows:
(1) The proposed FMEA method considers the importance of environmental impact by introducing risk factor E. It makes the risk factor composition of rough FMEA more reasonable and yields a more effective failure mode ranking. Ultimately, it could improve the efficiency and timeliness of troubleshooting of FMEA, and save a lot of resources. (2) The extended FMEA method could adjust the risk factors' weights. Meanwhile, the proposed FMEA could manipulate the FMEA members' subjective judgments in the process of determining risk factors' weights by using rough intervals, which guarantees the weights are comprehensively evaluated. (3) Rough numbers used in the improved FMEA are determined to represent the experts' imprecise information without requiring much assumptions, which makes the application of the extended rough FMEA in industrial engineering more convenient and relatively easy The proposed rough TOPSIS FMEA introduces environmental risk factor E to increase its applicable failure mode scenarios, especially some equipment and manufacturing processes that may cause high pollutions. Although the improved rough FMEA has many advantages in dealing with vagueness and environmental pollution problems, it has the following limitations in industrial applications. First, equipment requiring high reliability needs more risk factors to reflect its failure mode scenario, which cannot be achieved simply by relying on S, O, and D. Second, the proposed FMEA takes less account of the correlation among risk factors' weights and various failure mode types. Third, it may require FMEA practitioners to master knowledge of the rough TOPSIS FMEA through training. Thus, in the future, the rough analytic network process would be applied to solve the correlation problems among risk factors and various failure mode types. Moreover, additional risk factors shall be added according to the types of failure modes and the application efficiency will be improved by developing related computing programs. Finally, more failure mode scenarios need to be applied and tested to obtain the external validity of the proposed rough FMEA.
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